E3 ubiquitin ligases play a crucial role in regulating immune receptor signaling and modulating immune homeostasis and activation. One emerging family of such E3s is the Pelle-interacting (Peli) proteins, characterized by the presence of a cryptic forkhead-associated domain involved in substrate binding and an atypical RING domain mediating formation of both lysine (K) 63-and K48-linked polyubiquitin chains. A well-recognized function of Peli family members is participation in the signal transduction mediated by Toll-like receptors (TLRs) and IL-1 receptor. Recent gene targeting studies have provided important insights into the in vivo functions of Peli1 in the regulation of TLR signaling and inflammation. These studies have also extended the biological functions of Peli1 to the regulation of T-cell tolerance. Consistent with its immunoregulatory functions, Peli1 responds to different immune stimuli for its gene expression and catalytic activation. In this review, we discuss the recent progress, as well as the historical perspectives in the regulation and biological functions of Peli.
INTRODUCTION
Ubiquitination is a post-translational mechanism of protein modification that has long been recognized as a mechanism mediating protein degradation in the 26S proteasome. 1 This hot research field has become even hotter during recent years due to the involvement of ubiquitination in various non-degradative molecular events, including proteinprotein interactions, intracellular protein trafficking, DNA repair and activation of signaling molecules. 2 Ubiquitination involves the covalent attachment of the small ubiquitin protein to the lysine residues of substrate proteins, as either monomers (monoubiquitination) or polymers (polyubiquitination). 1 Formation of polyubiquitin chains involves the linkage of the C-terminus of one ubiquitin to an internal lysine residue of another ubiquitin. Since each ubiquitin has seven lysines, all of which can be used for the chain linkage, there are a large variety of polyubiquitin chains. In addition, ubiquitins can be connected through head-to-tail ligation, yielding linear ubiquitin chains. The different ubiquitin chains may mediate distinct biological functions. In particular, lysine 48 (K48)-linked polyubiquitin chains primarily target proteins for proteasomal degradation, whereas K63-linked polyubiquitin chains mediate non-degradative functions, including assembly of signaling complexes and activation of protein kinases. 2 The ubiquitination reaction is catalyzed by the sequential action of three enzymes: the ubiquitin-activating enzyme (E1), the ubiquitin-conjugating enzymes (E2s) and the ubiquitin ligases (E3s). 1 This reaction is reversible, since the ubiquitin chains can be deconjugated by a family of ubiquitin-specific proteases, termed deubiquitinases. 3 The specificity of ubiquitination is determined by E3s, a large family of proteins that interact with both specific substrates and E2s and function to transfer ubiquitin from E2s to the substrates. 1 Based on their functional domains, E3s are divided into two major classes: the RING (really interesting new gene) finger E3s and HECT (homologous to E6-AP C-terminus) domain E3s, although atypical E3s have also been identified. 4 The RING finger E3s are by far the largest and also most complex family of ubiquitin ligases, with about 579 members being annotated in the human genome. 5 Consistently, the RING E3s have been linked to a large variety of physiological and pathological processes. 6 Among the newly characterized RING E3s are the Pelle-interacting (Peli, also called Pellino) proteins, a family of evolutionally conserved immune regulators thought to regulate signaling from Toll-like receptors (TLRs) and IL-1 receptor (IL-1R). 7, 8 Recent gene targeting studies have provided new insights into the in vivo biological functions of Peli. 9, 10 Important progress has also been made to elucidate the biochemical mechanism mediating signal-induced Peli activation. [11] [12] [13] In this review, we discuss the recent progress on the regulation and biological functions of Peli in the context of immune receptor signaling and inflammation.
E3S IN THE REGULATION OF TLR SIGNALING AND NF-kB ACTIVATION
An important function of K63 type of ubiquitination is mediating activation of the NF-kB signaling pathway. 14, 15 NF-kB represents a family of transcription factors that participates in the regulation of multiple biological processes, including immune response and inflammation, cell growth and survival, and oncogenesis. [16] [17] [18] NF-kB is normally sequestered in the cytoplasm via physical association with specific inhibitory proteins, IkBs. Activation of NF-kB typically involves degradation of a prototypical IkB member, IkBa, and rapid nuclear translocation of NF-kB, although a non-canonical pathway is also involved for NF-kB activation in specific biological processes. 19 The IkBa degradation is triggered through its phosphorylation by a multisubunit IkB kinase (IKK) composed of two catalytic subunits (IKKa and IKKb) and a regulatory subunit, NEMO (NF-kB essential modulator). 16, 17 IKK mediates NF-kB activation by integrating signals from a large variety of innate immune receptors as well as the T-and Bcell antigen receptors. The activation of IKK by most immune receptors requires transforming growth factor-b (TGF-b)-activated kinase 1 (Tak1), a ubiquitin-dependent kinase that activates both IKK and MAP kinases (MAPKs). [20] [21] [22] Like IKK, Tak1 exists as a complex containing two adaptor proteins: Tab1 and Tab2 (or its homologue Tab3). A common feature of Tab2 (or Tab3) and NEMO is the presence of a ubiquitin-binding domain that specifically binds to K63-linked polyubiquitin chains. 14, 15, 23 Such ubiquitin-binding activity is crucial for the recruitment of Tak1 and IKK to upstream signaling adaptors that are conjugated with K63-linked polyubiquitin chains. Within the signaling complexes, both Tak1 and the IKK regulatory subunit NEMO are also conjugated with K63-linked ubiquitin chains. 14, 24 It is generally believed that the binding of and/or conjugation with ubiquitin chains may trigger conformational changes in the kinases and, thereby, lead to their catalytic activation.
The ubiquitin-dependent NF-kB activation has been extensively studied in the TLR/IL-1R signaling pathways. TLRs form one of the major families of pattern-recognition receptors, which also include the RIG-I-like receptors, the NOD-like receptors and the C-type lectin receptors. 25 By recognizing specific pathogen-associated molecular patterns, the pattern-recognition receptors mediate induction of innate immunity to form the first line of host defense against infections. Both human and mice have multiple TLR members (10 for human and 12 for mice), which detect and respond to a large array of pathogen-associated molecular patterns, ranging from surface molecules to nucleic acids of the invading microbes. 25 In response to ligand stimulation, TLRs signal through intracellular adaptors, including the common adaptors MyD88 and TRIF. While TRIF mediates signaling from TLR3 and TLR4, MyD88 transduces signals from all TLRs, except TLR3, as well as from the IL-1R. A hallmark of the MyD88-dependent TLR/IL-1R pathway is the involvement of evolutionarily conserved IL-1R-associated kinases (IRAKs), including IRAK1, IRAK2, IRAK3 (also named IRAK-M) and IRAK4. 25 In response to ligand stimulation, IRAK family members are rapidly recruited to the IL-1R/TLR, via the adaptor MyD88, and mediate activation of a downstream factor TRAF6. TRAF6 functions as both an adaptor and a K63-specific E3 ubiquitin ligase and amplifies the IL-1/TLR signal by stimulating several downstream signaling pathways, including those leading to activation of NF-kB and three families of MAPKs, extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38. These signaling pathways act cooperatively in the induction of genes encoding proinflammatory cytokines and chemokines. The TRIF-dependent TLR pathway also targets the activation of NF-kB, and this is dependent on an adaptor, receptorinteracting protein 1 (RIP1). 26 TRIF stimulates the conjugation of K63-linked polyubiquitin chains to RIP1, which in turn is important for recruitment and activation of IKK. 26 In addition to the NF-kB pathway, TRIF stimulates activation of the IKK-related kinases, TBK1 and IKKe, and their downstream transcription factor IRF-3, leading to induction of the type I interferons (IFNs). 25 This antiviral pathway also requires K63 ubiquitination, which is mediated by the E3 ubiquitin ligase TRAF3. 27, 28 In addition to TRAF6 and TRAF3, several other E3 ubiquitin ligases have been implicated in the positive or negative regulation of TLR/IL-1R signaling. [29] [30] [31] [32] In particular, a recent study suggests a role for the cIAP1 and cIAP2 in the regulation of MyD88-dependent TLR signaling. 31 cIAPs are RING E3s with both K63 and K48 types of ubiquitin ligase activity. In response to lipopolysaccharide (LPS)-mediated TLR4 stimulation, cIAPs are recruited to the MyD88 signaling complex, where they mediate K48 ubiquitination and degradation of TRAF3. Although TRAF3 is required for type I IFN signaling, 27, 28 it serves as a negative regulator in the MyD88-dependent TLR pathway. 33 TRAF3 degradation is essential for the dissociation of the MyD88 signaling complex from the receptor, a step that is required for stimulating the TRAF6-dependent activation of Tak1 and MAPKs. 31 The recent demonstration of Peli proteins as RING E3s adds another family of E3s that regulates TLR signaling and inflammation.
PELI PROTEINS AS EVOLUTIONALLY CONSERVED IMMUNE REGULATORS
Discovery of Peli as a Drosophila immune regulator Lower animals like insects do not have adaptive immune system, but they have efficient innate immunity to deal with microbial infections. 34, 35 Early studies by Hans Boman and colleagues demonstrated that in response to bacterial infection, the silkmoth Hyalophora cecropia rapidly produces a set of antimicrobial peptides that form an important part of its humoral immunity. 36 A connection between the insect antibacterial response and mammalian innate immunity was first indicated by the finding that H. cecropia has an NF-kB-like transcription factor, cecropia immune factor (CIF), which responds to bacteria and appears to mediate the induction of the antibacterial genes. 37, 38 This idea was later on confirmed by the identification of an NF-kB analogue, Dif (dorsal-related immunity factor) from Drosophila melanogaster. 39 Dif, together with Dorsal and Relish, form the NF-kB family in Drosophila that mediates the induction of various antimicrobial genes. 34 Activation of Drosophila NF-kB is mediated by pattern recognition receptors, Toll and immune deficiency, which respond to fungi and bacteria, respectively. 34, 35 The Toll pathway of Drosophila is analogous to the mammalian IL-1R/TLR pathway, whereas the immune deficiency pathway resembles the mammalian tumor-necrosis factor receptor (TNFR) pathway. In particular, the signal transduction of Toll involves recruitment of several intracellular components, including Drosophila MyD88, Tube and Pelle. Pelle is a homologue of mammalian IRAK1, characterized by a kinase domain and an N-terminal death domain. Although Tube has no obvious counterpart in the mammalian system, a recent study suggests that Tube originates from an ancestral gene related to IRAK4. 40 Consistently, Tube functionally resembles IRAK4 to interact with and activates Pelle. 41 Thus, the Drosophila Tube/Pelle pair may be considered the functional equivalent of mammalian IRAK4/IRAK1.
Drosophila Peli (Pellino, hereafter named dPeli) was identified as a Pelle-interacting protein in yeast two-hybrid screening aiming to identify downstream signaling molecules connecting Pelle to the activation of NF-kB. 42 dPeli is a protein of 424 amino acids that shares about 50% identity and 70% homology with its counterpart in Caenorhabditis Peli: immunoregulatory E3 ubiquitin ligases W Jin et al 114 elegans, suggesting Peli to be an evolutionarily conserved gene. Interestingly, the dPeli-Pelle interaction requires the kinase activity of Pelle, and Peli may preferentially bind to autophosphorylated Pelle. 42 The function of dPeli in Drosophila innate immunity has been studied recently using dPeli mutant flies (Pli). 43 Pli flies have impaired induction of the antibacterial peptide Drosomycin and reduced survival in response to infection by the gram-positive bacterium Micrococcus luteus. Consistently, overexpression of dPeli induces the expression of Drosomycin. Overall, these findings suggest that dPeli is a positive regulator of Drosophila innate immunity against certain strains of gram-positive bacteria.
Mammalian Peli members
The mammalian Peli members were initially identified based on database search, 44 and subsequent cloning revealed two highly homologous mouse Peli members (Peli1 and Peli2). 45 The function of Peli was first reported in a study with the mouse Peli2. Peli2 is abundantly expressed in non-lymphoid organs but only weakly expressed in spleen and thymus. Analogous to dPeli, Peli2 interacts with IRAK-1, which occurs in an IL-1 inducible manner. In a mouse embryonic fibroblast cell line (C3H10T1/2) and a human embryonic kidney cell line (HEK293), reduction of Peli2 expression by antisense RNA inhibits induction of the chemokine gene IL-8 by IL-1 and the TLR4 ligand LPS in a NF-kB-dependent manner. 46 The more detailed mechanism of Peli function was revealed in another study using HEK 293 cells stably expressing the IL-1R. 47 In response to IL-1 stimulation, Human Peli1 interacts with both IRAK1 and IRAK4 upon IL-1 stimulation. It appears that Peli1 functions as a scaffold protein involved in the formation of an intermediate IL-1R signaling complex composed of IRAK4, IRAK1 and TRAF6. 47 It has been proposed that Peli1 may induce the release of the IRAK complex from the receptor, 47 a step required for the activation of downstream signaling events by IL-1 and TLRs. 48 RNAi-mediated Peli1 knockdown suggests that this Peli member is required for IL-1-stimulated activation of NF-kB and induction of IL-8. It is currently unclear whether Peli1 indeed is required for mediating the release of IRAK complex from IL-1R or TLRs and how Peli1 could possibly regulate this important step of IL-1R/TLR signaling.
Despite the uncertainties regarding the precise mechanism of Peli function, it is clear that interaction with IRAK1/4 and IRAKassociated factors is a common property of the different Peli members. Like the human Peli1 and mouse Peli2, human Peli2 binds to IRAK1 and IRAK4, 49 as well as to TRAF6 and Tak1. 50 Similarly, the two isoforms of Peli3, Peli3a and Peli3b, interact with IRAK1, TRAF6, Tak1, as well as to the NF-kB-inducing kinase. 51, 52 It is important to note though that these binding assays were performed in transfected mammalian cells. Since the different Peli-interacting proteins are often present in the same complexes, it is likely that some of these proteins may associate with Peli indirectly via other proteins, like IRAK1.
In contrast to the consistent findings on the Peli-interacting factors, the functional studies of Peli members have generated some discrepancies. For example, whereas one study suggests that Peli2 activates NF-kB, 46 another study suggests that Peli2, but not Peli1, mediates activation of the MAPK JNK and induction of its downstream transcription factors AP-1 and Elk-1. 50 Yet, another study suggests that Peli2 is not required for IL-1-induced NF-kB target gene expression and that overexpressed Peli2 does not reproducibly activate MAPK nor induce reporter gene expression through specific transcription factors. 49 The biological functions of Peli3 seem to be also complex. Some studies reveal that both isoforms of Peli3 activate MAPKs (ERK, JNK and p38) and the transcription factors AP-1 and CREB, although they do not activate NF-kB. 51, 52 On the other hand, another study demonstrates that the shorter isoform of Peli3 (Peli3b) negatively regulates IL-1-stimulated activation of NF-kB and JNK. 53 This latter study suggests that Peli3b mediates K63 ubiquitination of IRAK1 at K134. Since this site is also used for conjugating K48-linked ubiquitin chains, the Peli3b-mediated K63 ubiquitination of IRAK1 inhibits the K48 ubiquitination and degradation of IRAK1 upon IL-1 stimulation. The degradation of IRAK1 seems to be required for IL-1-stimulated activation of Tak1 and its downstream signaling events, since a proteasome inhibitor (MG132) inhibits IRAK1 degradation and also blocks activation of IKK. 53 This model is intriguing, although more studies are required for further validation using different cell systems, particularly primary cells derived from Peli3 knockout (KO) mice. In terms of the discrepancies between the different studies, it is possible that at least some of the differences were attributed to the use of different experimental systems.
PELI PROTEINS ARE E3S WITH A NEW RING AND A CRYPTIC FORKHEAD-ASSOCIATED (FHA) DOMAIN

E3 function of Peli
Peli proteins were initially thought to serve as scaffold proteins that regulate the dynamic assembly of intermediate signaling complexes in the IL-1R pathway. 47 Although how Peli exerts such functions remains incompletely understood, the discovery of Peli proteins as E3 ubiquitin ligases provides critical insights into the biochemical mechanism of Peli action. 54 Initial sequence analyses reveal that the C-terminal portion of Peli members contain two conserved Cys-Gly-His motifs and two conserved Cys-Pro-X-Cys motifs, reminiscent of C3HC4 RINGlike zinc finger domains. 44, 47 By sequence alignments with the C3HC4 RING consensus sequence, 55 Beyaert and colleagues demonstrate that although Peli proteins do not contain a typical C3HC4 RING, they possess a closely related motif termed CHC2CHC2 RING. 54 The E3 function of Peli protein was first demonstrated by the finding that all Peli members were able to induce the polyubiquitination of IRAK1 when overexpressed in mammalian cells. 54 This function of Peli proteins is dependent on the presence of an intact RING-like structure. Since the RING domain is dispensable for Peli interaction with IRAK1, these findings strongly suggest that Peli members function as RING E3s that mediate IRAK1 ubiquitination. 54 The E3 function of Peli proteins was later on confirmed by using a cell-free ubiquitination system. 56, 57 These later studies also reveal that Peli can function together with the Ubc13-Uev1a dimeric E2 ubiquitinconjugating enzyme to catalyze K63-linked polyubiquitin chains. 56, 57 However, Peli does not seem to be an exclusively K63-specific E3 ubiquitin ligase, since it also catalyzes the production of K48 and K11 types of polyubiquitin chains when working with other E2s, such as UbcH3, UbcH4, UbcH5a and Ubc5b. 57 The ability of Peli to utilize different E2s suggests a high level of versatility in Peli function. As will be discussed in a later section, both the K63-and K48-specific E3 functions of Peli1 have been linked to important physiological functions.
9,10 Which E2s are required for in vivo functions of Peli and how the chain specificity of Peli-mediated ubiquitination is regulated remains an intriguing topic of investigation.
Although Peli proteins clearly have E3 ligase activity, their mode of action is not well understood. It has been shown that the K63-linked polyubiquitin chains catalyzed by Peli1 and Ubc13-Uev1a are not attached to IRAK1 or Peli1 in vitro, but rather stay as free forms. 11, 57 This is in sharp contrast to the efficient conjugation of K63 polyubiquitin chains to IRAK1, when it is coexpressed with Peli in cells. 54, 56, 57 Peli: immunoregulatory E3 ubiquitin ligases W Jin et al 115
Since Peli can mediate ubiquitination together with different E2s, it is thought that Peli-mediated IRAK1 ubiquitination may be a two-step process involving two different E2s. Peli1 may first act with a different E2 to mediate IRAK1 monoubiquitination and then pair with Ubc13-Uev1a to extend the ubiquitin chains with K63 linkage. 11 Although this idea needs to be tested by additional experiments, the poor in vitro ubiquitin-conjugating activity of the Peli1/Ubc13/Uev1a system has also been observed with another substrate, RIP1, which is efficiently ubiquitinated by Peli1 in vivo. 9 Despite these uncertainties, the accumulating studies have more and more firmly confirmed the E3 ubiquitin ligase function of Peli proteins. The functional significance of the RING-like domain of Peli is also emphasized by a recent finding that this structural domain is evolutionally conserved from human to sponge Peli proteins. 58 Substrate binding by an FHA domain In addition to their E2-binding domain (RING or HECT), singlesubunit E3s also contain a domain that mediates substrate binding. It is known that the C-terminal RING domain of Peli is not involved in the Peli-IRAK1 interaction. 54 Initial sequence analyses did not reveal any notable structural domains within the N-terminal region of Peli that binds IRAK1. However, a structural study based on X-ray crystallography led to the discovery of a cryptic FHA domain located in the N-terminal region (amino acids 15-275) of Peli2. 59 A unique feature of FHA domains is their interaction with protein motifs containing a phosphorylated threonine residue. 60 Compared with the typical FHA domains, the Peli2 FHA domain contains two insertion regions that form a wing-like appendage. Nevertheless, the cryptic FHA domain of Peli2 has the conserved b-strands and all of the key amino-acid residues known to be involved in phosphothreonine binding. 59 Indeed, the FHA domain of Peli2 binds to phosphothreonine-containing peptides, as well as to the IRAK1 protein expressed in HEK293 cells, and these interactions rely on the conserved ligand-binding amino-acid residues. 59 Interestingly, an earlier biochemical study identified a motif of Peli3 (amino acids 43-47; KYGEL) that is critical for binding of Peli3 to IRAK1. 52 This motif, which is equivalent to amino acids 18-22 of Peli2, happens to form the first b-strand of the FHA core. 59 This finding further suggests that FHA is a functional domain in all Peli members.
The discovery that Peli contains a phosphothreonine-binding domain provides molecular basis to the previous findings that Peli-IRAK1 interaction is induced by IL-1R/TLR signals 46, 47, 51 and requires the kinase activity and phosphorylation of IRAK1. 42, 49, 54 Collectively, the results of this structural study, along with those of the previous biochemical analyses, suggest an intriguing model for the inducible interaction between Peli and IRAK1. In response to IL-1R/TLR signals, IRAK1 becomes phosphorylated by IRAK4, and phosphorylated IRAK1 recruits Peli via FHA-phosphothreonine interaction. The recruited Peli then catalyzes K63 ubiquitination of IRAK1, thereby allowing the recruitment and activation of downstream kinases Tak1 and IKK. Since Peli also interacts with various other proteins, future studies should examine whether the same or different mechanisms mediate Peli interaction with other substrates or regulatory proteins.
MECHANISMS OF PELI REGULATION
Activation by phosphorylation How the function of E3s is regulated is still poorly understood. Nevertheless, evidence is emerging that phosphorylation plays an important role in regulating the E3 activity and ligand-binding function of E3s. [61] [62] [63] [64] Several recent studies demonstrate that the E3 ligase activity of Peli proteins is also regulated by phosphorylation. [11] [12] [13] 57 It was noted initially that IRAK1 and IRAK4 phosphorylate Peli members in transfected cells. 49, 54 Using recombinant proteins and in vitro ubiquitination assays, Cohen and colleagues demonstrate that the phosphorylation of Peli proteins greatly stimulates their E3 ligase activity. 11, 57 How phosphorylation activates Peli remains unclear, but it appears that this mechanism regulates the general E3 function, instead of specific E2 usage, since Peli1 phosphorylation stimulates its E3 function regardless of which E2 is used.
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The functional study of Peli1 phosphorylation is complicated by the presence of multiple potential phosphorylation sites. 11 At least in vitro, IRAK1 and IRAK4 phosphorylate Peli1 at up to 10 serines or threonines, the simultaneous mutation of all of which is required to prevent Peli1 activation. 11 A caveat of such mutagenesis approach is the possible cause of conformational changes that could have affected the IRAK binding or E3 ubiquitin ligase activity of Peli1. Nevertheless, this in vitro study provides intriguing insights that may help predict the mechanism of Peli regulation. Most interestingly, the major phosphorylation sites of Peli1 are clustered within two regions: the first region (amino acides 76-86) correlates with the wing-like appendage of the FHA domain and the second (containing threonine-288 and serine-293) is located just before the RING domain. Since FHA binds to phosphothreonine-containing motifs, it would be interesting to test whether phoshorylation of Peli1 promotes its dimerization or intramolecular interaction, which in turn could serve as a mechanism of Peli activation. It is also possible that phosphorylation of the FHA region of Peli may promote its interaction with IRAK1 or other substrates/regulators.
Recent studies reveal that in addition to IL-1, many other immune stimuli, such as ligands of TRIF-dependent and MyD88-dependent TLRs and tumor-necrosis factor-a (TNF-a), stimulate the phosphorylation and activation of Peli1 12,13 ( Figure 1 ). Interestingly, despite the implication of IRAK1 as the major kinase of Peli, IRAK1 is required only for Peli1 activation by IL-1, whereas the IKK-related kinases, TBK1 and IKKe, mediate the phosphorylation and activation of Peli1 in the TNFR and TLR pathways. Traditionally thought to be TRIF-dependent kinases, TBK1 and IKKe have now been shown to also respond to signals from the MyD88-dependent TLRs, as well as the TNFR. 12, 13 Since both IL-1R-and MyD88-dependent TLRs activate IRAK1, it is surprising that IRAK1 is important only for the IL-1R pathway. Whether this is a cell type-specific function or involves a yetto-be-defined mechanism remains to be investigated. Since Peli1 is also activated in T cells, 10 it raises the question of which kinase(s) mediates Peli1 phosphorylation and activation by the T-cell receptor (TCR) and the T-cell costimulatory molecule CD28 (Figure 1 ).
Ubiquitination and sumoylation
When co-expressed with IRAK1 in mammalian cells, Peli not only induces ubiquitination of IRAK1, but also becomes ubiquitinated itself. 52 Since IRAK1 activates the E3 ligase of Peli, it is likely that the Peli ubiquitination represents auto-ubiquitination, although the involvement of other E3 ligases is also possible. At least in vitro, IRAK1-activated Peli1 undergoes auto-ubiquitination in the presence of the E2 UbcH4. 11, 57 Since Peli can conjugate K48-and K11-linked polyubiquitin chains, known to mediate protein degradation, the auto-ubiquitination of Peli may contribute to its inducible degradation as shown for Peli3. 7, 52 The Peli1 auto-ubiquitination occurs at three major K residues, including K169, K202 and K266. K169 and K202 are located in the wing-like appendage and the FHA core, respectively, whereas K266 is located C-terminal to the FHA
11 It would be interesting to examine whether Peli1 autoubiquitination interferes with its binding to IRAK1 or other substrates. If this is indeed the case, it will suggest that Peli1 ubiquitination may serve as a mechanism to both terminate its function and target its proteolysis.
A recent study reveals that Peli1 is also conjugated with the small ubiquitin-related modifier (SUMO) both in vitro and in transfected cells. 65 This finding is potentially interesting, since accumulating evidence suggests crosstalks between sumoylation and ubiquitination. 66 On the one hand, SUMO may interfere with ubiquitination by competing with ubiquitin for attaching to the same lysine residues. On the other hand, sumoylation can prime certain proteins for ubiquitination. Mutagenesis analyses identified five lysine residues (K202, K266, K295, K297 and K303) as potential SUMO acceptor sites of Peli1. Of note, two of these residues (K202 and K266) are also used as ubiquitination acceptor sites, suggesting the possible involvement of direct crosstalks between sumoylation and ubiquitination in the regulation of Peli1 function. However, the functional significance of Peli1 sumoylation has not been investigated. It also remains to be examined whether this modification of Peli1 is induced during TLR/IL-1R signaling or the activation of other cellular pathways.
Transcriptional regulation
Another frequently seen mechanism of E3 regulation is through the control of gene expression. An early study identified Peli1 as one of the TRIF-dependent genes induced by the TLR4 ligand LPS in dendritic cells. 67 This finding has been confirmed and extended by a recent work demonstrating that Peli1 is induced at both RNA and protein levels in response to stimulation by both LPS and the TLR3 ligand polyIC. 12 These TRIF-dependent TLRs are known to activate the IKK-related kinases, TBK1 and IKKe, which in turn induce the nuclear translocation of the transcription factor IFN-regulatory factor 3 (IRF3) and induction of type I IFNs. 68, 69 Peli1 induction requires TBK1/IKKe and the downstream transcription factor IRF3, but it does not involve the type I IFNs. 12 It is thus likely that Peli1 is a target gene of IRF3. Since Peli1 is also induced in T cells by the TCR and CD28 costimulatory signals, 10 it raises the question of which signaling pathway and transcription factor mediates the T cell-specific Peli1 induction. The induction of Peli1 in T cells appears to serve as an autoregulatory mechanism to prevent aberrant NF-kB activation and T-cell activation. As will be discussed later, Peli1 negatively regulates T-cell activation by targeting the ubiquitination and degradation of a major NF-kB family member, c-Rel. 10 However, since Peli1 is a positive regulator in innate immune cells, it is currently unclear how the inducible expression of Peli1 contributes to the regulation of TLR signaling.
The expression level of Peli may also be subject to regulation at posttranscriptional levels, as suggested by the recent identification of Peli1 as a target of a microRNA, miR-21. 70 The level of Peli1 mRNA is inversely correlated with that of miR-21 during liver regeneration. Sequence analyses using the TargetScan program revealed a putative target sequence of miR-21 in the 39-untranslated region of Peli1. Insertion of the 39-untranslated region of Peli1 downstream of a luciferase reporter gene renders the reporter sensitive to miR-21-mediated inhibition. Overexpression of miR-21 in HEK293 cells also inhibits the induction of the NF-kB reporter gene. 70 Although this finding is potentially interesting, it is yet to be examined whether the level of endogenous Peli1 mRNA and protein is indeed regulated by miR-21 and whether miR-21-mediated NF-kB inhibition is mediated through Peli1 down regulation.
IN VIVO FUNCTIONS OF PELI1 REVEALED BY GENE TARGETING STUDIES
Gene targeting in mice is a powerful approach to study the physiological functions of genes. However, one technical issue of this approach in studying the function of gene families is the functional redundancy among family members. The extensive sequence/structural homology between the Peli family members predicts functional redundancy. However, some important non-redundant functions of Peli1 have recently been uncovered through the study of Peli1 KO mice.
9,10
Regulation of TRIF-dependent TLR signaling The Peli1 KO mice are grossly normal and do not have prominent abnormalities in the development of immune organs and cells. 9 However, these mutant animals display reduced sensitivity to endotoxin shock in an acute inflammation model that involves injection of a lowdose of LPS together with D-galactosamine (a liver-specific translation inhibitor that increases LPS sensitivity). 9 In this model, the lethality is primarily mediated through LPS-induced production of TNF-a and also involves other proinflammatory cytokines such as IL-6 and IL-12. The reduced lethality of Peli1 KO mice suggests impaired inflammatory responses to LPS. Indeed, the serum level of proinflammatory cytokines is greatly (TNF-a and IL-6) or moderately (IL-12) reduced in the mutant animals upon LPS/D-galactosamine challenge. The Peli1 deficiency also diminished the in vivo response of mice to polyIC injection in both cytokine production and lethality. In vitro studies further demonstrate a role for Peli1 in mediating LPS-and polyIC-induced proinflammatory gene expression in several cell types, most prominently B cells and MEFs. 9 LPS and polyIC stimulate TLR4 and TLR3, respectively, which are known to induce the TRIF-dependent TLR pathway leading to the induction of both proinflammatory cytokines and type I IFNs. 25 However, Peli1 is dispensable for IFN induction by both LPS and polyIC, suggesting the selective involvement of Peli1 in the proinflammatory axis of TRIF-dependent TLR signaling.
One major surprise in the Peli1 KO mouse study is the finding that Peli1 is dispensable for IL-1-induced gene expression and signaling, since in vitro studies suggest a critical role for Peli family members in the regulation of IRAKs and IL-1R signaling. Peli1-deficient MEFs do not show any notable defect in IL-1-stimulated expression proinflammatory genes. 9 Similarly, the Peli1 KO and control mice produce comparable levels of IL-6 in response to IL-1 injection. One possible explanation to these findings is that Peli1 may be functionally redundant with other Peli1 members in the regulation of IRAKs. IRAK1 and IRAK4 are also involved in MyD88-dependent TLR signaling pathway. However, Peli1 appears to be largely dispensable for gene induction by the MyD88-dependent TLRs. This conclusion is not absolute, though, since the Peli1 deficiency does affect the function of some MyD88-dependent TLRs, such as TLR9 and TLR2/6, depending on the cell types. 9 Of note, IRAK1 deficiency also does not cause an overall defect in the MyD88-dependent TLR signaling, although it affects some specific aspects of TLR signaling. 71, 72 Thus, another possibility is that Peli1 is required for the activation of IRAK1, but not that of IRAK4.
The TRIF-dependent TLR pathway activates two major downstream signaling axes, which lead to activation of NF-kB and IRF3, respectively. As discussed already, the IRF3 activation is mediated by the IKK-related kinases, TBK1 and IKKe. An important signaling factor that connects TRIF-dependent TLR signals to NF-kB is the adaptor molecule RIP1. 73 The signaling function of RIP1 involves its conjugation of K63-linked polyubiquitin chains, which appear to facilitate the recruitment and activation of downstream kinases, Tak1 and IKK. 26 Interestingly, the polyIC-induced RIP1 ubiquitination is largely blocked in Peli1-deficient MEFs. 9 Consistently, Peli1 is required for polyIC-stimulated activation of IKK and NF-kB MEFs and B cells. On the other hand, the Peli1 deficiency only partially inhibited the activation of IKK and NF-kB by LPS, reflecting the fact that TLR4 also mediates IKK/NF-kB activation via the MyD88-dependent TLR pathway. Furthermore, Peli1 is dispensable for IKK/ NF-kB activation by IL-1R and MyD88-dependent TLRs, further emphasizing a role for Peli1 in regulating the TRIF-dependent TLR signaling (Figure 2 ). It is important to note, however, the phenotype of Peli1 deficiency in the TRIF-dependent TLR signaling varies among cell types, which is prominent in B cells and MEFs and only moderate in bone marrow-derived macrophages and dendritic cells. 9 Clearly, more work is warranted to examine the potential functional redundancy of the Peli family members in both the IL-1R and TLR signaling pathways. While generation of triple KO mice, lacking all three Peli members, is the ultimate goal, another approach is to find the cell types that predominantly express Peli1 over the other Peli members. As will be discussed below, this approach has led to the discovery of an unexpected function of Peli1 in the regulation of T-cell activation. 10 More comprehensive gene expression analyses may lead to the identification of relevant cell types for the study of TLR/IL-1R signaling. Nevertheless, the current findings suggest that Peli1 mediates RIP1 ubiquitination and plays a critical role in mediating NF-kB activation by TRIF-dependent TLR pathway (Figure 2) .
Regulation of T-cell activation and autoimmunity
As discussed above, both in vitro and in vivo studies have established Peli as a family of innate immune regulators. However, since Peli possesses both K63 and K48 E3 ligase activities, it suggests the involvement of Peli in different biological functions. Indeed, a recent study has revealed an unexpected role for Peli1 in regulating T-cell activation and homeostasis. 10 This finding was triggered by a gene expression analysis to compare the relative expression levels of different Peli family members in innate and adaptive immune cells. Notably, both innate immune cells (macrophages and dendritic cells) and MEFs express at least two of the three Peli members at comparable levels, further indicating potentially functional redundancy of Peli in certain aspects of TLR/IL-1R signaling. Interestingly, however, Peli1 is unique among the family members in that it is highly expressed in B and T lymphocytes. Although B cells also have substantial expression of Peli3, T cells only express a negligible level of Peli2 and Peli3 compared to the strikingly high level of Peli1 expression. 10 Moreover, the level of Peli1 is further elevated following T-cell activation. These findings suggest a role for Peli1 in regulating T-cell activation.
Based on the critical role of Peli1 in mediating TLR signaling, it would predict that loss of Peli1 in T cells might impair T-cell activation and cause immune deficiency. Surprisingly, the opposite function of Peli1 was discovered using the Peli1 KO mice. 10 The Peli1-deficient T cells are hyper-responsive to in vitro stimulation by agonistic TCR/ CD28 antibodies (anti-CD3 and anti-CD28) or T-cell mitogens (phorbyl myristate acetate and ionomycin). The mutant T cells appear to also undergo activation in vivo, since the Peli1 KO mice contain Peli: immunoregulatory E3 ubiquitin ligases W Jin et al 118 substantially increased frequencies of CD4 and CD8 T cells with memory or effector phenotypes. Under normal conditions, T cells are tightly controlled so that they are responsive to foreign antigens, but are tolerant to antigens derived from self-tissues or commensal microbes. 74 Since the animals are housed under specific pathogen-free conditions, the in vivo T-cell activation in Peli1 KO mice is very likely due to the loss of peripheral T-cell tolerance. Indeed, the activated T cells seem to be self-reactive and infiltrate into various nonlymphoid organs and cause tissue inflammation. At old ages, the Peli1 KO mice also have other symptoms of autoimmunity, including elevated antinuclear autoantibodies and immunoglobulin deposition in kidney glomeruli. 10 Peripheral T-cell tolerance is mediated by both intrinsic and extrinsic mechanisms; the intrinsic mechanism involves negative regulation of the TCR/CD28 signaling by T-cell intrinsic molecules, whereas the extrinsic mechanism involves the immunosuppressive function of T regulatory (Treg) cells and other suppressive cells. [75] [76] [77] [78] Thus, autoimmunity may occur due to either Treg defect or impaired negative regulation of TCR/CD28 signaling. Peli1 is not required for the generation or in vitro suppressive function of Treg cells. Although it is unclear whether Peli1 mediates the in vivo function of Treg cells, mixed bone marrow adoptive transfer study clearly demonstrates a role for this E3 in mediating the T-cell intrinsic mechanism of tolerance. This finding is consistent with the hyper-responsive phenotype of the Peli1-deficient T cells to in vitro stimulation.
Loss of Peli1 does not substantially influence the TCR-proximal signaling events, such as activation of the protein tyrosine kinase Zap70, or the activation of downstream kinases, IKK and ERK. The early phase activation of NF-kB, following T-cell activation by agonistic anti-TCR and anti-CD28 antibodies or mitogens, is also largely normal in the Peli1-deficient T cells. However, the Peli1 deficiency results in aberrant activation of late-phase NF-kB. This is due to a specific role for Peli1 in the negative regulation of c-Rel, an NF-kB family member that is activated with delayed kinetics and is critically involved in T-cell activation. 79 Peli1 appears to negatively regulate cRel by mediating the ubiquitination and proteolysis of activated c-Rel (Figure 3) . In response to TCR/CD28 signals, c-Rel undergoes degradative ubiquitination in wild-type T cells, which was detectable only when the cells were incubated with a proteasome inhibitor. This molecular event is dependent on Peli1. At least in a transfection model, Peli1 induces c-Rel ubiquitination with K48 linkage. It remains to be further examined whether Peli1 functions as the direct E3 of c-Rel or indirectly induces c-Rel ubiquitination through another E3. Nevertheless, Peli1 physically interacts with c-Rel under both endogenous and transfected conditions. Controlling c-Rel activation Figure 3 Peli1 negatively regulates T-cell activation by mediating c-Rel degradation. In T cells, c-Rel is an important NF-kB member that regulates IL-2 gene expression and T-cell activation. c-Rel functions as either an homodimer or heterodimers associated with different NF-kB members, such as p50 and RelA. Upon IKKmediated degradation of IkB, the c-Rel-NF-kB dimers translocate to the nucleus, where they participate in the transactivation of IL-2 and other target genes. The TCR/ CD28 signals also stimulate the expression of Peli1 via a yet-to-be-characterized transcription factor(s), and the accumulated Peli1 negatively regulates the late-phase activation of NF-kB by mediating ubiquitination and degradation of c-Rel. It is currently unknown whether Peli1 exerts this function in the cytoplasm or nucleus, but Peli1 is located in both of these cellular compartments (Chang M et al., unpubl. data). IKK, IkB kinase; Peli1, Pelle-interacting protein 1; RIP1, receptor-interacting protein 1; TCR, T-cell receptor; TLR, Toll-like receptor.
Peli: immunoregulatory E3 ubiquitin ligases W Jin et al 119 may be an important mechanism by which Peli1 mediates intrinsic Tcell tolerance, since c-Rel is crucial for the activation and differentiation of T cells and for the prevention of T-cell tolerance.
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Interplay with TGF-b signaling components In addition to directly manipulating the key molecules in NF-kB signaling cascade, Peli1 can also mediate crosstalk between the NF-kB and TGF-b pathways, which are known to antagonize each other under inflammatory settings. [87] [88] [89] TGF-b belongs to a superfamily of cytokines, which also includes bone morphogenic proteins and activin. TGF-b is widely expressed in immune cells and plays unique and pivotal regulatory roles in the regulation of immune responses. 90, 91 The TGF-b signaling pathway involves sequential activation of the receptor complex (type I and II receptors) and the signal transducers, Smads, upon receptor-ligand binding. 87, 92 There are eight mammalian Smads, which can be subgrouped as receptor-activated Smads, common Smad and inhibitory Smads (I-Smads) according to their function. Smad2 and Smad3 are the two receptor-activated Smads selectively activated by TGF-b signaling, which form a complex with the common Smad, Smad4, and corporate with other transcription factors or cofactors to regulate downstream gene expression. The TGF-b signaling pathway is tightly controlled by the I-Smads, Smad6 and Smad7, which are induced in response to TGF-b stimulation and, thereby, form a feedback regulatory loop. [92] [93] [94] [95] Smad6 and Smad7 attenuate TGF-b signaling by interacting with TGF-b receptor I, thus interfering with Smad2/3 phosphorylation and subsequent activation. 96, 97 The I-Smads also recruit ubiquitin ligases to TGF-b receptor I, leading to the polyubiquitination and degradation of the receptor. 98 The crosstalk between TGF-b signaling and other signal transduction pathways is at least partially mediated by the I-Smads. Multiple inflammatory cytokines, such as IFN-c, TNF-a and IL-1b, induce Smad7 protein expression and, thereby, counteract on the immunosuppression controlled by TGF-b signaling. 99, 100 It has also been observed that TGF-b signaling antagonizes NF-kB activation induced by proinflammatory cytokines. In this regard, recent studies indicate that association between I-Smads and Peli1 is critical for attenuating IL-1R-/TLR-induced NF-kB activation by TGF-b. 88, 89 It appears that TGF-b induces the expression of both Smad6 and Smad7, which compete with IRAK1 and IRAK4 for engaging Peli1, thereby interfering with the formation of the MyD88/IRAK4/IRAK1/Peli1/TRAF6 signaling complex required for IKK/NF-kB activation. Indeed, the interaction of Smad6/7 with Peli1 blocks IL-1R-/TLR-stiumulated IkBa degradation, NF-kB nuclear translocation and subsequent induction of inflammatory genes in both HEK293 cells and primary macrophages. 88, 89 Both the induction of I-Smads and their physical interactions with Peli1 are required for TGF-b-mediated negative regulation of NF-kB. The MH2 domain of I-Smads is responsible for their association with Peli1, which has non-redundant binding sequences for Smad6 and Smad7, suggesting potentially simultaneous interaction of Peli1 with both I-Smad proteins. 89 Indeed, induction of both I-Smads can suppress NF-kB activity more effectively than any one of the two. These findings shed light on a novel function of Peli1 in NF-kB regulation, although additional studies are required for better understanding the underlying molecular mechanism and physiological relevance of the Peli1/I-Smad interplay.
CONCLUSIONS AND OUTSTANDING QUESTIONS
Since the initial characterization of mammalian Peli proteins, significant progress has been made in understanding the regulation and biological functions of this family of evolutionarily conserved signaling factors. In particular, the characterization of Peli members as RING finger E3s has provided critical clues to their signaling functions. Since Peli possesses both K63 and K48 types of ubiquitin ligase activity, the function of Peli may be more complex than what was initially proposed. Indeed, recent Peli1 gene-targeting studies have revealed critical, but opposing, functions in the regulation of innate immunity and Tcell activation. One future task is to characterize additional physiological or pathological functions of Peli and to examine how the different functions of Peli are regulated. Since Peli members share extensive sequence homology, it is important to examine whether the different Peli proteins have functional redundancies. Another important issue to be addressed is the potential association of Peli with human diseases. Although this possibility is suggested by the current findings, it is yet to be examined by genome-wide association studies.
Understanding how Peli is regulated in vivo represents another challenge for future studies. Nevertheless, an important clue has been provided by the recent observations that IRAKs and TBK1/IKKe mediate the inducible phosphorylation of Peli1 by IL-1R and TLR, respectively. It appears that signal-induced Peli phosphorylation may serve as a molecular trigger for its activation. A number of outstanding questions remain to be addressed in this area. For example, it is unclear how Peli1 phosphorylation stimulates its E3 ubiquitin ligase activity. It remains to be tested whether phosphorylation promotes the binding of Peli1 by specific E2s. Future studies should also examine whether phosphorylation similarly regulates the E3 ligase activity of other Peli family members in vivo and whether this involves the same or different protein kinases. Another outstanding issue to be further addressed is regarding the IRAK1/Peli mutual regulation model previously proposed based on in vitro studies. Recent studies support the involvement of IRAK1 in the in vivo activation of Peli1, but the inverse function of Peli in IRAK1 regulation remains to be speculative. Notwithstanding, accumulative findings have established Peli as a new family of RING finger E3s with important roles in the regulation of both innate immune receptor signaling and T-cell tolerance.
